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1. Abstract 26 
Background: Impaired myelination may contribute to Huntington’s disease (HD) 27 
pathogenesis. Objective: This study assessed differences in white matter (WM) 28 
microstructure between HD patients and controls, and tested whether drumming 29 
training stimulates WM remodelling in HD. Furthermore, it examined whether training-30 
induced microstructural changes are related to improvements in motor and cognitive 31 
function. Methods: Participants undertook two months of drumming exercises. 32 
Working memory and executive function were assessed before and post-training. 33 
Changes in WM microstructure were investigated with diffusion tensor magnetic 34 
resonance imaging (DT-MRI)-based metrics, the restricted diffusion signal fraction (Fr) 35 
from the composite hindered and restricted model of diffusion (CHARMED) and the 36 
macromolecular proton fraction (MPF) from quantitative magnetization transfer (qMT) 37 
imaging. WM pathways linking putamen and supplementary motor areas (SMA-38 
Putamen), and three segments of the corpus callosum (CCI, CCII, CCIII) were studied 39 
using deterministic tractography. Baseline MPF differences between patients and 40 
controls were assessed with tract-based spatial statistics (TBSS). Results: MPF was 41 
reduced in the mid-section of the CC in HD subjects at baseline, while a significantly 42 
greater change in MPF was detected in HD patients relative to controls in the CCII, 43 
CCIII, and the right SMA-putamen post-training. Further, although patients improved 44 
their drumming and executive function performance, such improvements did not 45 
correlate with microstructural changes. Increased MPF suggests training-induced 46 
myelin changes in HD. Conclusions: Though only preliminary and based on a small 47 
sample size, these results suggest that tailored behavioural stimulation may lead to 48 
neural benefits in early HD, that could be exploited for delaying disease progression.  49 
 50 
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2. Introduction 54 
2.1 The Pathology of Huntington’s disease 55 
Huntington’s disease (HD) is a genetic, neurodegenerative disorder caused by 56 
an expansion of the CAG repeat within the huntingtin gene, leading to debilitating 57 
cognitive, psychiatric, and motor symptoms. In addition to striatal grey matter (GM) 58 
degeneration [1], HD pathology has been linked to  white matter (WM) changes [2–9]. 59 
Additionally, an increasing body of research suggests that myelin-associated 60 
biological processes at the cellular and molecular level contribute to WM abnormalities 61 
[10–15]. Myelin is a multi-layered membrane sheath wrapping axons and is produced 62 
by oligodendrocytes. Axon myelination is vital during brain development and critical 63 
for healthy brain function [16]. Oligodendrocyte/myelin dysfunction can slow down or 64 
stop otherwise fast axonal transport, which in turn can result in synaptic loss and 65 
eventually axonal degeneration [17]. 66 
 67 
2.2 Interventions and Brain Plasticity 68 
 As HD is caused by a single-gene, it is an ideal model to study 69 
neurodegeneration as a whole, and test for possible beneficial interventions that can 70 
slow or suppress disease onset. Despite this, no disease-modifying treatment is 71 
approved for patients with HD at present. Recent developments in gene therapy have 72 
generated much excitement. However, these have yet to be proved to lead to 73 
measurable changes in disease progression [18]. Furthermore, a number of questions 74 
linger, for example on the relative strength of different approaches and the possible 75 
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side effects of each therapy [19]. Importantly, these treatments aim to modify and not 76 
cure the disease, and while symptomatic therapies for HD are present, and are used 77 
for treating chorea and some of the psychiatric symptoms, their effectiveness varies 78 
between patients and may lead to clinically significant side-effects [18]. This stresses 79 
the need to develop better symptomatic therapies to aid patients and manage HD 80 
symptoms.  81 
Environmental stimulation and behavioural interventions may have the potential to 82 
reduce disease progression and delay disease onset [20–22]. Furthermore, previous 83 
studies have detected training-related changes in the WM of both healthy controls 84 
[23,24] and patients, including subjects with HD [25]. For example, DT MRI studies 85 
have shown microstructural WM changes following balance training in healthy [24] and 86 
traumatic brain injury young adults [26]. Other imaging studies have shown DT MRI 87 
changes as a result of juggling [27], abacus training [28], extensive piano practice 88 
[29,30], working memory training [31], reasoning training [32], and meditation training 89 
[33]. 90 
Converging evidence implicates myelin plasticity as one of the routes by which 91 
experience shapes brain structure and function [27,34–38]. Plastic changes in 92 
myelination may be implicated in early adaptation and longer-term consolidation and 93 
improvement in motor tasks [39–42]. Changes in myelin-producing oligodendrocytes 94 
and in GM and WM microstructure have been reported within the first hours of skill 95 
acquisition [43,44], implying that experience can be quickly translated into adaptive 96 
changes in the brain. 97 
This study assessed whether two months of drumming training, involving 98 
practising drumming patterns in ascending order of difficulty, could trigger WM 99 
microstructural changes, and potentially myelin remodelling, in individuals with HD. 100 
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Specifically, we hypothesised that changes in microstructural metrics would be more 101 
marked in patients than in healthy subjects, based on reports of larger training-102 
associated changes in structural MRI metrics in patient populations than in healthy 103 
controls [34].  104 
The drumming intervention was designed to target cognitive and motor 105 
functions known to be mediated by cortico-basal ganglia loops. More specifically the 106 
training focused on the learning of novel motor sequences and their rhythm and timing, 107 
engaging executive processes known to be impaired in HD [45]. These included 108 
focused attention (e.g. paying attention to the drumming sequence), multi-tasking 109 
attention (e.g. listening and movement execution), movement-switching (e.g. 110 
switching between dominant and non-dominant hand) and response speed [25]. At the 111 
anatomical level, attention and executive functions rely on cortico-basal ganglia loops 112 
involving the striatum, which also plays a fundamental role in motor control and motor 113 
learning [46,47]. This shared reliance on overlapping cortico-basal ganglia networks 114 
may contribute to the beneficial effects of physical exercise on executive functioning 115 
in healthy older adults [48], and in patients with Parkinson’s disease [49]. Additionally, 116 
in a previous pilot study assessing the feasibility of the present drumming training, we 117 
observed WM changes and improvements in executive functions in HD patients 118 
following the intervention [25].  119 
Previous WM plasticity neuroimaging studies [27,50] have predominantly 120 
employed indices from diffusion tensor MRI (DT-MRI) [51]. However, while sensitive, 121 
such measures are not specific to changes in specific sub-compartments of WM 122 
microstructure, challenging the interpretation of any observed change in DT-MRI 123 
indices [52,53]. To improve compartmental specificity beyond DT-MRI, the present 124 
study explored changes in the macromolecular proton fraction (MPF) from quantitative 125 
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magnetization transfer (qMT) [54] imaging and the restricted diffusion signal fraction 126 
(Fr) from the composite hindered and restricted model of diffusion (CHARMED) [55]. 127 
Fractional anisotropy (FA) and radial diffusivity (RD) from DT-MRI [51] were included 128 
for comparability with previous training studies  [27,56,57]. 129 
 The MPF has been proposed as a proxy MRI marker of myelin [58]. 130 
Accordingly, histology studies show that this measure reflects demyelination 131 
accurately in Shiverer mice [59], is sensitive to de-myelination in multiple sclerosis 132 
patients [60] and reflects WM myelin content in post-mortem studies of multiple 133 
sclerosis brains [61]. Fr, on the other hand, represents the fraction of signal-134 
attenuation that can be attributed to restricted diffusion, which is presumed to be 135 
predominantly intra-axonal, and therefore provides a proxy measure of axonal density 136 
[62]. 137 
Training effects were investigated in WM pathways linking the putamen and the 138 
supplementary motor area (SMA-Putamen), and within three segments of the corpus 139 
callosum (CCI, CCII, CCIII). The SMA has efferent and afferent projections to the 140 
primary motor cortex and is involved in movement execution, and previous work has 141 
reported altered DT-MRI metrics in the putamen-motor tracts of symptomatic HD 142 
patients [63].  The anterior and anterior-mid sections of the corpus callosum contain 143 
fibres connecting the motor, premotor and supplementary motor areas in each 144 
hemisphere [64]. Previous work has demonstrated a thinning of the corpus callosum 145 
in post-mortem HD brains [65], altered callosal DT-MRI metrics in both pre-146 
symptomatic and symptomatic HD patients [66,67], and a correlation between these 147 
metrics and performance on motor function tests [68]. Given previous reports of an 148 
effect of motor learning on myelin plasticity [38], we expected changes following 149 
training to be more marked in MPF, as compared to the other non-myelin sensitive 150 
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metrics assessed in this study. We also investigated the relationship between training-151 
associated changes in MRI measures, and changes in drumming performance and 152 
cognitive/executive function. Finally, as previous evidence has shown widespread 153 
reductions in MPF in premanifest and manifest HD patients [69], we used tract-based 154 
spatial statistics (TBSS) [70] to investigate patient-control differences in MPF before 155 
training, across the whole brain; this aided the interpretation of the post-training 156 
microstructure changes we detected.  157 
 158 
3. Materials and Methods  159 
3.1 Participants  160 
The study was approved by the local National Health Service (NHS) Research 161 
Ethics Committee (Wales REC 1 13/WA/0326) and all participants provided written 162 
informed consent. All subjects were drumming novices and none had taken part in our 163 
previously-reported pilot study [25]. Fifteen HD patients were recruited from HD clinics 164 
in Cardiff and Bristol. Genetic testing confirmed the presence of the mutant huntingtin 165 
allele. Thirteen age, sex, and education-matched healthy controls were recruited from 166 
the School of Psychology community panel at Cardiff University and from patients’ 167 
spouses, carers or family members. The inclusion criteria were the following: no 168 
history of head injury, stroke, cerebral haemorrhages or any other neurological 169 
condition; eligible for MRI scanning; stable medication for at least four weeks prior to 170 
the study.  171 
Of the recruited sample, two patients were not MRI compatible, four withdrew 172 
during the study and one patient’s MRI data had to be excluded due to excessive 173 
motion. Therefore, while drumming performance and cognitive data from 11 patients 174 
were assessed, only 8 patients had a complete MRI dataset. One control participant 175 
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was excluded due to an incidental MRI finding, two participants dropped out of the 176 
study and a fourth participant was not eligible for MRI. In total, we assessed drumming 177 
and cognitive tests performance in 8 controls, while MRI data from nine controls were 178 
available for analyses. Table 1 summarizes patients demographic and background 179 
clinical characteristics. Most patients were at early disease stages, however two were 180 
more advanced, as shown by their Total Motor Score (TMS; 69 and 40, respectively) 181 
and Functional Assessment Score (FAS; 18 and 17, respectively). Table 2 182 
summarizes demographic variables and performance in the Montreal Cognitive 183 
Assessment (MoCA) [71] and in the revised National Adult Reading Test (NART-R) 184 
(Nelson, 1991) for patients and controls. While the groups did not differ significantly in 185 
age, controls were on average slightly older, performed significantly better on the 186 
MoCA, and  had a significantly higher NART-IQ than patients. 187 
 188 
3.2 Training intervention: Drumming-based rhythm exercises    189 
The rhythm exercise and drumming training previously described in [25] was 190 
applied. Participants were provided with twenty-two 15 min training sessions on CDs, 191 
a pair of Bongo drums and a drumming diary and could practise at home. They were 192 
asked to exercise for 15 min per day, 5 times per week, for 2 months and to record the 193 
date and time of each exercise in their diary. Each training session introduced a 194 
drumming pattern based on one of the following rhythms: Brazilian samba, Spanish 195 
rumba, West-African kuku and Cuban son. After a brief warm up, trainees were 196 
encouraged to drum along with the instructor, initially with each hand separately and 197 
then with both hands alternating, starting with the dominant hand first and then 198 
reversing the order of the hands. The first exercises were based on very simple, slow, 199 
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and regular patterns but the level of complexity and speed increased over the training 200 
sessions.  201 
Importantly, each individual progressed through the training adaptively at their 202 
own pace i.e., as long as they exercised for the specified time, they could repeat each 203 
session as often as they felt necessary to master it. To maintain engagement and 204 
motivation, the training incorporated pieces of music based on rhythms participants 205 
had learned and could drum along to. The researcher (JBT) supervised the first 206 
training sessions and then remained in regular telephone contact (at least once a 207 
week) with each participant throughout the intervention. Whenever possible, carers 208 
and/or spouses were involved in the study to support the training. Control participants 209 
started with Session 3 since the first two exercises were built on a very low level of 210 
complexity, with slow, regular patterns of movement required. Patients, on the other 211 
hand, started with simpler exercises, but could progress to the following sessions 212 
whenever they felt comfortable.  213 
 214 
 215 
 216 
Figure 1.   217 
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 218 
 219 
3.3 Drumming assessment 220 
Progress in drumming ability was assessed by digitally recording participants’ 221 
drumming performance for three patterns of ascending levels of difficulty (easy, 222 
medium and hard), which were not part of the training sessions, at baseline and after 223 
the training. Each recording was judged by an independent rater, blind to group and 224 
time, according to an adopted version of the Trinity College London marking criteria 225 
for percussion (2016) (www.trinitycollege.com). 226 
 227 
3.4 Cognitive assessments 228 
Different aspects of cognition and executive function were assessed before and 229 
after the training as previously described [25]. Multi-tasking was assessed with a dual 230 
task requiring simultaneous box crossing and digit sequences repetition [73]. Attention 231 
switching was assessed with the trails test (VT) requiring the verbal generation of letter 232 
and digit sequences in alternate order relative to a baseline condition of generating 233 
letter or digit sequences only (69). Distractor suppression was tested with the Stroop 234 
task involving the naming of incongruent ink colours of colour words. Verbal and 235 
category fluency were tested using the letter cues “F”, “A”, “S” and “M”, “C”, “R” as well 236 
as the categories of “animals” and “boys’ names” and “supermarket items” and “girls’ 237 
names” respectively [74]. In total, we assessed 7 outcome variables, and percentage 238 
change scores in performance were computed for each of these variables (Table 3). 239 
 240 
3.5 MRI data acquisition 241 
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MRI data were acquired on a 3 Tesla General Electric HDx MRI system (GE 242 
Medical Systems, Milwaukee) using an eight channel receive-only head RF coil at the 243 
Cardiff University Brain Research Imaging Centre (CUBRIC). The MRI protocol 244 
comprised the following images sequences: a high-resolution fast spoiled gradient 245 
echo (FSPGR) T1-weighted (T1-w) sequence for registration; a diffusion-weighted 246 
spin-echo echo-planar sequence (SE\EPI) with 60 uniformly distributed directions 247 
(b = 1200 s/mm2), according to an optimized gradient vector scheme [75]; a 248 
CHARMED acquisition with 45 gradient orientations distributed on 8 shells (maximum 249 
b-value = 8700s/mm2) [55]; and a 3D MT-weighted fast spoiled gradient recalled-echo 250 
(FSPGR) sequence [76]. The acquisition parameters of all scan sequences are 251 
reported in Table 4. Diffusion data acquisition was peripherally gated to the cardiac 252 
cycle. The off-resonance irradiation frequencies (Θ) and their corresponding 253 
saturation pulse amplitude (ΔSAT) for the 11 Magnetization transfer (MT) weighted 254 
images were optimized using Cramer-Rao lower bound optimization [76]. 255 
 256 
3.6 MRI data processing  257 
The diffusion-weighted data were corrected for distortions induced by the 258 
diffusion-weighted gradients, artefacts due to head motion and EPI-induced 259 
geometrical distortions by registering each image volume to the T1-w anatomical 260 
images [77], with appropriate reorientation of the encoding vectors [78], all done in 261 
ExploreDTI (Version 4.8.3) [79]. A two-compartment model was fitted to derive maps 262 
of FA and RD in each voxel [80]. CHARMED data were corrected for motion and 263 
distortion artefacts according to the extrapolation method of [81] The number of 264 
distinct fiber populations (1, 2, or 3) in each voxel was obtained using a model selection 265 
approach [52], and Fr was calculated per voxel with an in-house software [52] coded 266 
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in MATLAB (The MathWorks, Natick, MA). MT-weighted SPGR volumes for each 267 
participant were co-registered to the MT-volume with the most contrast using an affine 268 
(12 degrees of freedom, mutual information) registration to correct for inter-scan 269 
motion using Elastix [82]. The 11 MT-weighted SPGR images and T1 map were 270 
modelled by the two pool Ramani’s pulsed MT approximation [83,84], which included 271 
corrections for amplitude of B0 field inhomogeneities. This approximation provided 272 
MPF maps, which were nonlinearly warped to the T1-w images using the MT-volume 273 
with the most contrast as a reference using Elastix (normalized mutual information 274 
cost function) [82].  275 
 276 
3.7 Deterministic Tractography 277 
Training-related changes in FA, RD, Fr, and MPF were quantified using a 278 
tractography approach in pathways interconnecting the putamen and the 279 
supplementary motor area bilaterally (SMA-Putamen), and within three segments of 280 
the corpus callosum (CCI, CCII and CCIII) [64] (Figure 1).  281 
Whole brain tractography was performed for each participant in their native 282 
space using the damped Richardson-Lucy algorithm [85], which allows the recovery 283 
of multiple fiber orientations within each voxel including those affected by partial 284 
volume. The tracking algorithm estimated peaks in the fiber orientation density function 285 
(fODF) by selecting seed points at the vertices of a 2×2×2 mm grid superimposed over 286 
the image and propagated in 0.5-mm steps along these axes re-estimating the fODF 287 
peaks at each new location [86]. Tracks were terminated if the fODF threshold fell 288 
below 0.05 or the direction of pathways changed through an angle greater than 45° 289 
between successive 0.5 mm steps. This procedure was then repeated by tracking in 290 
the opposite direction from the initial seed-points.  291 
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The WM tracts of interest were extracted from the whole-brain tractograms by 292 
applying way-point regions of interest (ROI) [87]. These were drawn manually by one 293 
operator (JBT) blind to the identity of each dataset on color-coded fiber orientation 294 
maps in native space guided by the following anatomical landmark protocols (Figure 295 
2).  296 
3.7.1 Corpus callosum 297 
Reconstruction of the CC segments followed the protocol of Hofer and Frahm 298 
[64] as illustrated in Figure 2A. Segment reconstructions were visually inspected and, 299 
if necessary, additional gates were placed to exclude streamlines inconsistent with the 300 
known anatomy of the CC. 301 
3.7.2 SMA-putamen pathway 302 
One axial way-point ROI was placed around the putamen and one axial ROI 303 
around the supplementary motor cortex [88] (Figure 2B). A way-point gate to exclude 304 
fibres projecting to the brain stem was placed inferior to the putamen.  305 
 306 
 307 
 308 
Figure 2.  309 
 310 
 311 
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3.8 Statistical analyses 312 
Statistical analyses were carried out in R Statistical Software (Foundation for 313 
Statistical Computing, Vienna, Austria).  314 
3.8.1 Assessment of training effects on drumming performance 315 
Improvements in drumming performance were analysed with a two-way mixed 316 
analysis of variance (ANOVA) testing for the effects of group (HD/controls), time of 317 
assessment (before/after the training) and group by time interaction effects. We also 318 
confirmed detected effects to the ones obtained by running a robust mixed ANOVA, 319 
using the bwtrim R function from the WRS2 package [89]. This implements robust 320 
methods for statistical estimation and therefore provides a good option to deal with 321 
data presenting small sample sizes, skewed distributions and  outliers [90]. Significant 322 
effects were further explored with post-hoc paired and independent t-tests. The 323 
reliability of the post-hoc analyses was assessed with bootstrap analysis based on 324 
1000 samples and the 95% confidence interval (CI) of the mean difference is provided 325 
for each significant comparison.   326 
3.8.2 Assessment of group differences in the effect of training on cognitive 327 
performance 328 
Performance measures in executive function tasks have been shown to share 329 
underlying cognitive structures [91]. Therefore, PCA was employed to reduce the 330 
complexity of the cognitive data and hence the problem of multiple comparisons as 331 
well as to increase experimental power.  PCA was run on change scores for all 332 
participants across both groups. Due to the relatively small sample size, we first 333 
confirmed with the Kaiser-Meyer-Olkin (KMO) test that our data was suited for PCA. 334 
Subsequently, we followed guidelines to limit the number of extracted components 335 
[92,93], as follows: first, we employed the Kaiser criterion of including all components 336 
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with an eigenvalue greater than 1; second, we inspected the Cattell scree plot [94] to 337 
identify the minimal number of components that accounted for most variability in the 338 
data; third, we assessed each component’s interpretability. A PCA procedure with 339 
orthogonal Varimax rotation of the component matrix was used. Loadings that 340 
exceeded a value of 0.5 were considered as significant.  341 
Next, we assessed group differences in the component scores with permutation 342 
analyses, to understand whether the training had differentially affected HD patients as 343 
compared to controls. Permutation testing relies only on minimal assumptions and can 344 
therefore be applied when the assumptions of a parametric approach are untenable 345 
such as in the case of small sample sizes. Significant group differences were tested 346 
using 5,000 permutations and the effect sizes of significant differences were assessed 347 
with Cohen’s d [95]. Multiple comparison correction was based on a 5% false 348 
discovery rate (FDR) using the Benjamini-Hochberg procedure [96].  349 
3.8.3 Training effects on WM microstructure  350 
Median measures of FA, RD, Fr and MPF were derived for each of the 351 
reconstructed tracts in ExploreDTI [79]. A percentage change score in these measures 352 
between baseline and post-training was calculated in each tract (CCI, CCII, CCIII, left 353 
and right SMA-Putamen).  354 
Previous research has shown that variation in the microstructural properties of 355 
WM may represent a global effect, rather than being specific to individual tracts, and 356 
that WM measures are highly correlated across WM areas [56,97,98]. Therefore, we 357 
inspected the inter-tract correlation for each of microstructural metric and found that 358 
MPF values were highly correlated, whereas this was not true for the other metrics 359 
(Figure 3). Hence, percentage change scores in MPF across the different tracts were 360 
transformed with PCA to extract meaningful anatomical properties, following the 361 
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procedure described above for the PCA of cognitive change scores. PC scores for 362 
each participant were then used as dependent variables in a permutation-based 363 
analysis using 5,000 permutations to assess group differences in training associated 364 
changes in MPF. Finally, as a post-hoc exploration, we looked for between-groups 365 
differences in MPF changes in the individual tracts using 5000 permutations.  366 
Training-associated changes in FA, Fr and RD were investigated with 367 
permutation analyses separately for each tract. Significant group differences in these 368 
measures were tested using 5,000 permutations. Multiple comparison correction was 369 
based on a 5% FDR using the Benjamini-Hochberg procedure [96]. Cohen’s d [95] 370 
was used to assess the effect size for those changes found to be significant. 371 
3.8.4 Training effects on WM microstructure  372 
TBSS [70] was carried out to investigate baseline differences in MPF between 373 
HD subjects and healthy controls, , to gain a better insight into differences in training-374 
associated changes. To produce significance maps, a voxel-wise analysis was 375 
performed on the MPF projected 4D data for all voxels with FA ≥ 0.20 to exclude 376 
peripheral tracts where significant inter-subject variability exists. Inference based on 377 
permutations (5,000 permutations) and threshold-free-cluster-enhancement was 378 
used. The significance level was set at p < 0.05 and corrected by multiple comparisons 379 
(family-wise error, FWE).  380 
3.8.5 Relationship between changes in MRI measures and changes in drumming and 381 
cognitive  performance 382 
We computed percentage change scores for the drumming performance, in the 383 
same way cognitive change scores were calculated. Scores were computed for the 384 
easy test pattern in patients and for the medium test pattern in controls, as these 385 
training patterns showed a significant improvement in the two groups, respectively. 386 
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Spearman correlation coefficients were calculated between drumming and cognitive 387 
performance, and microstructural components that showed significant group 388 
differences, to assess whether microstructural changes were related to any drumming 389 
and/or cognitive benefits of the training. 390 
3.8.6 Exploration of the possible confounding effects of differences in training-391 
compliance and IQ 392 
 We examined the training diaries of each participant to assess compliance with 393 
training. Each session was marked as completed if the whole 15 minute session had 394 
been carried out. Each participant was assigned a score representing the number of 395 
training sessions they performed (e.g. a score of 40 if 40 sessions had been carried 396 
out). We then assessed group differences with permutation analyses, to test whether 397 
there was a significant difference in the amount of training sessions carried out by the 398 
groups, and hence understand whether this variable had to be accounted for in the 399 
analysis. Significant group differences were tested using 5,000 permutations. 400 
 Finally, as there was a significant difference in IQ between patients and controls 401 
(Table 2), we investigated whether any training-associated change might be due to 402 
differences in premorbid intelligence. The sample size of this experiment was very 403 
small, and therefore it was not possible to perform a multiple regression or an analysis 404 
of covariance (ANCOVA), to understand the possible influence of IQ as confounding 405 
variable. Accordingly, the statistical power to establish the incremental validity of a 406 
covariate in explaining an outcome has been shown to be extremely low, and therefore 407 
to require large sample sizes [99]. As a potential solution to this issue, we instead 408 
performed separate non-parametric Spearman correlation analyses between NART-409 
IQ scores (as this test showed the largest difference between groups), and MRI and 410 
cognitive measures showing significant training effects; this allowed us to gain some 411 
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insight into whether there was a significant association between premorbid intelligence 412 
and training-associated changes. 413 
 414 
 415 
4. Results  416 
4.1 Training effects on drumming performance  417 
The mixed ANOVA of drumming performance for the easy and medium test 418 
pattern showed a significant effect of group [easy: F(1,17) = 22.3, p < 0.001; medium: 419 
F(1,17) = 13.1, p = 0.002] and time [easy: F(1,17) = 12.83, p = 0.004; medium: F(1,17) 420 
= 13.4, p = 0.002] but no interaction (easy: p = 0.8; medium: p = 0.3). For the hard test 421 
pattern there was only a significant effect of group [F(1,17) = 9.95, p = 0.006] but not 422 
of time (p = 0.1) and there was no interaction (p = 0.4). Results from the robust mixed 423 
ANOVA were largely consistent with the above. Specifically, the easy and medium test 424 
patterns showed a significant effect of group (easy: p = 0.002; medium: p = 0.02) and 425 
time (easy: p = 0.04; medium: p = 0.049) but no interaction (easy: p = 0.45; medium: 426 
p = 0.69). The hard test pattern showed a significant effect of group (p = 0.02) but not 427 
of time (p = 0.22) and no interaction (p = 0.8). Figure 4 summarises the average 428 
drumming performance per group and time point. Overall patients’ drumming 429 
performance was poorer than controls. Patients improved their drumming 430 
performance significantly for the easy pattern [t(10) = 2.7, p = 0.02; 95% CI of mean 431 
difference: 1.5 – 7.8] and controls for the medium pattern [t(7) = 3.8, p = 0.01; 95% CI 432 
of mean difference: 2.8 – 8.5]. 433 
 434 
4.2 Group differences in the effect of training on cognitive performance 435 
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Three components, accounting for 79% of the variance in performance 436 
improvement in the cognitive benchmark tests, were extracted. The first component 437 
loaded highly on performance changes in the dual task (total number of boxes 438 
identified under dual task condition), the Stroop task (Stroop interference score), and 439 
the trails making task (Trail test switching). Since these variables all measure 440 
executive functions including focused attention and distractor suppression, the first 441 
component was labelled “executive” component. The second component loaded on 442 
variables reflecting the ability to correctly recall digits sequences (i.e. number of 443 
correct digits recalled under single and dual task condition) and was therefore labelled 444 
“working memory capacity” component. Finally, the third extracted component loaded 445 
highly on verbal and category fluency and was therefore labelled “fluency” component 446 
(Table 5). 447 
We tested whether the two groups differed in terms of post-training cognition 448 
changes, by running permutation analyses on the individual scores for the three 449 
extracted components. The two groups differed in the executive component (t = -1.03, 450 
p = 0.008, FDR-corrected p = 0.024, d = 1.15). However, no significant group 451 
differences were detected in the other two components (Working Memory capacity: t 452 
= -0.22, p = 0.3296, FDR-corrected p = 0.3296; Fluency: t = -0.39, p = 0.242  FDR 453 
corrected p = 0.3296). 454 
 455 
4.3 Training effects on WM microstructure  456 
Table 6 reports a summary of the training associated changes in FA, RD, Fr 457 
and MPF, across the different tracts. 458 
4.3.1 Training-associated group differences in FA 459 
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 Permutation analyses of FA changes across the different tracts revealed no 460 
significant differences between HD and control groups [CCI: t = 1.22, p = 0.91 (FDR-461 
corrected); CCII: t = 2.65, p = 0.91 (FDR-corrected); CCIII: t = 0.325, p = 0.13 (FDR-462 
corrected); right SMA-Putamen: t = -9.54, p = 0.10 (FDR-corrected); left SMA-463 
Putamen: t = 5.16, p = 0.77 (FDR-corrected). 464 
4.3.2 Training-associated group differences in RD 465 
 There were no significant differences in RD changes following training 466 
between HD patients and controls [CCI: t = -0.48, p = 0.45 (FDR-corrected); CCII: t = 467 
-1.29, p = 0.45 (FDM-corrected); CCIII: t = -1.04, p = 0.45 (FDR-corrected); right SMA-468 
Putamen, t = 4.01 , p = 0.81 (FDR-corrected); left SMA-Putamen, t = -3.68, p = 0.39 469 
(FDR-corrected). 470 
4.3.3 Training-associated group differences in Fr 471 
 Permutation analyses of Fr changes across the different tracts revealed no 472 
significant differences between HD and control groups [CCI: t = 3.39, p = 0.82 (FDR-473 
corrected; CCII: t = -0.17, p = 0.82 FDR-corrected; CCIII: t = 3.08, p = 0.82 (FDR-474 
corrected); right SMA-Putamen: t = -5.24, p = 0.82 (FDR-corrected); left SMA-475 
Putamen: t = 1.05, p = 0.82 (FDR-corrected)]. 476 
4.3.4 Training-associated group differences in MPF 477 
PCA of change scores in MPF revealed one single component explaining 478 
70.2% of the variance. This component presented high loadings from all the tracts 479 
investigated. A significant group difference was found for the MPF change-score 480 
component, indicating that HD patients presented significantly greater MPF changes 481 
in response to training, as compared to controls [t(14) = -1.743, n = 17, p = 0.03, d = 482 
1.796].  483 
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Finally, we found a significant difference in mean MPF change scores between 484 
the two groups for CCII [t(14) = -20.72, p = 0.04, d = 0.93], CCIII [t(14) = -25.87, p = 485 
0.04, d = 1.07], and the right SMA-putamen pathway [t(14) = -25.48, p = 0.04, d = 1.15] 486 
after FDR correction, therefore indicating that there was a differential group effect of 487 
training on MPF within these tracts (Figure 5).  488 
 489 
 490 
 491 
 492 
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 493 
Figure 3.  494 
 495 
 496 
4.4 Relationship between training-associated changes in MRI measures, and 497 
changes in drumming and cognitive performance. 498 
 We did not find a significant association between the ‘MPF’ component scores 499 
and improvement in drumming performance (PC1: rho = -0.14, p > 0.05). Moreover, 500 
although no significant correlation was observed between the ‘Executive’ and the 501 
‘MPF’ component scores, there was a positive trend (rho = .348, p = .171). 502 
 503 
4.5 Baseline differences in MPF 504 
Baseline MPF was reduced in the HD group compared to controls, in the 505 
midbody of the CC (t = 3.13, p = .05, FWE corrected). Figure 6 shows the areas with  506 
reduced MPF in HD patients, in blue. 507 
 508 
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 509 
Figure 4.  510 
 511 
 512 
4.6. Exploration of the possible confounding effects of differences in training-513 
compliance and IQ 514 
The permutation analysis of training compliance revealed that there was not a 515 
significant difference in the number of training sessions between HD patients (mean = 516 
38.1, SD = 4.2) and healthy controls (mean = 39.6, SD = 1.2), t = 1.45, p = 0.76. 517 
Therefore, the total time spent training should not have influenced any training-518 
associated change in microstructure and/or cognitive measures. Furthermore, we did 519 
not detect a significant association of participants’ NART-IQ scores with ‘MPF’ 520 
component scores (rho = -0.4, p = 0.10), nor with ‘Executive’ component scores (rho 521 
= -0.34, p = 0.18), suggesting that premorbid intelligence should not have had an 522 
influence on training-associated effects. 523 
 524 
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5. Discussion 525 
Based on evidence that myelin impairment contributes to WM damage in HD 526 
[3], and the suggestion that myelin plasticity underlies the learning of new motor skills 527 
[27,38], the present study explored whether two months of drumming training would 528 
result in changes in WM microstructure in HD patients. Specifically, we expected to 529 
detect changes in MPF, as marker of WM myelin plasticity, in HD patients relative to 530 
healthy controls. 531 
  Firstly, we demonstrated a behavioural effect of the training by showing a 532 
significant improvement in drumming performance in patients (easy test pattern) and 533 
controls (medium test pattern). We did not detect any group differences in training-534 
associated changes in the diffusion based indices of FA, RD and Fr. However, as 535 
hypothesised, we found a group difference in training-induced changes in the MPF 536 
PCA component. Specifically, HD patients showed significantly higher increases in 537 
MPF relative to controls. Furthermore, through exploratory post-hoc investigations, we 538 
detected significantly higher training-induced MPF changes  within the CCII, CCIII and 539 
the right SMA-putamen pathway between patients and controls. Additionally, TBSS 540 
analysis of baseline differences in MPF suggested partial overlap of WM areas 541 
showing significant MPF reductions at baseline with areas showing changes post-542 
training (i.e. CCII and CCIII).  543 
MPF can be affected by inflammation [100] and in advanced HD it is likely that 544 
inflammation goes hand-in-hand with myelin breakdown [101]. However, a recent CSF 545 
biomarker study found no evidence of neuro-inflammation in early-manifest HD [102]. 546 
Furthermore, recent evidence shows that this measure may be inconsistent when 547 
investigated in relatively small WM areas, presumably because of the effect of spatial 548 
heterogeneity in myelin thickness [103]. Nevertheless, the within-subjects design 549 
 25 
employed in the present study should have helped to minimise noise due to the spatial 550 
inconsistency of this measure. Therefore, though preliminary and based on a small 551 
sample size, these findings suggest that two months of drumming and rhythm 552 
exercises may result in myelin remodelling in patients with early HD.  553 
It is plausible that this group difference arose due to WM microstructural 554 
differences between patients and controls before the training.  Accordingly, the HD 555 
group showed a significantly lower baseline MPF, consistent with lower myelin content 556 
[3]. Furthermore, previous studies have reported that training-associated percentage 557 
changes in MRI measures tend to be higher in patients than in healthy subjects [34].  558 
One possibility is that in the healthy brain, neural networks may be optimally 559 
myelinated, and further increasing myelin may not improve performance [104–106]. 560 
Hence, the MPF changes in patients relative to controls might depict mainly a ‘catch-561 
up effect’ to the better baseline status of the control group. However, disentangling the 562 
impact of prior WM microstructural differences on microstructural plasticity during 563 
learning is beyond the scope of the current work.  564 
Notably, the behavioral effect of drumming training and cognition differed 565 
between patients and controls. Patients improved in the easy drumming test pattern, 566 
and controls improved in the medium test pattern. Furthermore, consistent with 567 
evidence from our pilot study [25], patients showed increases in the executive function 568 
components whilst control participants did not show improvements in their cognition. 569 
Therefore, inter-group differences in microstructural changes might not only be due to 570 
baseline WM microstructural differences, but also to a different behavioral effect of the 571 
task between HD subjects and controls. For instance, control participants performed 572 
close to ceiling in the easy test pattern, and as the training was tailored to patients’ 573 
needs, some of the earlier practice sessions may not have optimally challenged them. 574 
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The fact that the training seemed more taxing for patients than controls may also 575 
explain why improvements in executive functions and changes in MPF were only 576 
observed for the patients. Interestingly, baseline IQ was significantly different between 577 
the two groups, and this might have had some influence on training performance and 578 
on training-associated effects. Here, we failed to find an association between IQ 579 
scores and changes in MRI and cognitive measures. However, future studies with 580 
larger sample sizes might allow to utilize more advanced statistical approaches, such 581 
as an ANCOVA, to better model the possible influence of premorbid IQ on training 582 
effects, both at the neural and cognitive level. 583 
A critical question relevant to all training studies concerns the functional 584 
significance of any observed neural changes. If, and to what degree adaptive 585 
alterations in myelin content can facilitate behavioural change remains poorly 586 
understood [105]. In the present study, no significant relationships between changes 587 
in MRI measures and changes in drumming proficiency or performance in cognitive 588 
tests were found. This might have been due to non-specific training-related neural 589 
responses. Specifically, while the training exercise might have triggered changes in 590 
brain structure, training-induced changes may not necessarily co-vary with 591 
improvements in performance. Alternatively, it might be that the study was 592 
insufficiently powered to detect brain-function correlations. The minimum sample size 593 
required to detect a correlation was calculated to be 64 people (α = 0.05; 80% power; 594 
medium effect size; GPower 3 software). Therefore, these results need replication in 595 
larger samples. A lack of correlation between structural and functional changes after 596 
training has been reported in other studies (including well-powered studies) and may 597 
suggest that these processes follow different time courses and/or may occur in 598 
different brain regions [107].  599 
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It is important to note that our study did not include a non-intervention patient 600 
group. Within the 12 month time period of this study it was not possible to recruit a 601 
sufficiently large number of well-matched patient controls. Therefore, we cannot 602 
disentangle the effects of the training on WM microstructure from HD-associated 603 
pathological changes. However, given that HD is a progressive neurodegenerative 604 
disease associated with demyelination [3], it is unlikely that increases in MPF observed 605 
in the patient group were due to the disease itself. Finally, while the majority of training 606 
studies assess brain structural changes between baseline and post-training [34], 607 
presumably on account of cost and participant compliance, we suggest that acquiring 608 
intermittent scans during the training period could have helped to better capture and 609 
understand changes in WM microstructure observed in this study. Accordingly, future 610 
studies might be able to provide greater insights into the complex nonlinear 611 
relationships between structural changes and behaviour [108].  612 
To conclude, we have demonstrated that two months of drumming and rhythm 613 
exercises result in a significantly greater change in a proxy MRI measure of myelin in 614 
patients with HD relative to healthy controls. Whilst the current results require 615 
replication in a larger patient group with an appropriately matched patient control 616 
group, they suggest that behavioural stimulation may result in neural benefits in HD 617 
that could be exploited for future therapeutics aiming to delay disease progression.  618 
 619 
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Figure 5.  624 
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Figure 6.  628 
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 978 
Table 1. Demographics and background clinical information of the patients’ cohort. 979 
Based on TMS and FAS, most of the patients were at early disease stages, however 980 
two of them were more advanced. Abbreviations: CAG = cytosine-adenine-guanine; 981 
TMS = Total Motor Score out of 124 (the higher the scores the more impaired the 982 
performance); FAS = Functional Assessment Score out of 25 (the higher the scores 983 
the better the performance); SD = Standard Deviation.  984 
 985 
 986 
 987 
Table 2. Demographics and general cognitive profile of patients and controls. Both 988 
groups were matched for age, sex and years of education but the patient group had a 989 
 
Age              Length of CAG 
repeats 
TMS FAS 
Mean 
(Range) 
48.5 
(22-68) 
43.6 
(40-51) 
18.7 
(0-69) 
22.6 
(17-25) 
SD 15.6 3.5 24.7 3.3 
 
Mean  
(SD, range) 
Patients (n = 8) Controls (n = 9) Mann-Whitney U 
(p-value) 
Age 48.5  
(15.62, 22-68) 
52.6  
(14.56, 22-68) 
U = 31  
(p = 0.673) 
NART-IQ 106.3  
(13.13, 94-123) 
121.22  
(4.32, 117-128) 
U = 8  
(p = 0.006) 
MoCa 23  
(5.6, 14-29) 
27.67  
(1, 26-29) 
U = 14  
(p = 0.036) 
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lower NART-IQ and performed less well than the control group in the MoCA. 990 
Abbreviations: NART-IQ = verbal IQ estimate based on the National Adult Reading 991 
Test; MoCA = Montreal Cognitive Assessment score out of 30. 992 
 993 
 994 
Task Outcome variables Description 
Simultaneous box 
crossing and digit 
sequences 
repetition [73] 
Correct digits recalled 
under single task 
condition; correct digits 
recalled under dual task 
conditions; boxes 
identified under dual task 
condition. 
Correct number of recalled digits 
in a standard digit span test; 
correct number of recalled digits 
in the dual condition; number of 
boxes identified in the dual 
condition 
Stroop test 
[109] 
Stroop interference 
score 
Calculated by subtracting the 
number of errors from the total 
number of items presented in the 
test 
Trials test [73] Trail test switching Performance accuracy: reflects 
the ability of moving flexibly from 
one set of rules to another in 
response to changing task 
requirements 
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Verbal and 
category fluency 
test [110] 
Verbal and category 
fluency 
Number of generated words 
starting with the following letters: 
“F”, “A”, “S” and “M”, “C”, “R”; 
number of generated words 
belonging to the following 
categories: “animals” and “boys’ 
names” and “supermarket items” 
and “girls’ names” 
Table 3. Cognitive outcome variables assessed in this study. Tests were carried out 995 
before and after the training, and a percentage change score was computed for each 996 
variable. 997 
 998 
 999 
 1000 
 
T1-w DTI CHARME
D 
T1 map MT-w B0 map 
Pulse 
sequence 
FSPGR SE\EPI SE\EPI SPGR 
(3D) 
 
FSPGR         
(3D)     
 
 SPGR     
(3D)         
Matrix   
size 
256×256 96×96 96×96 96×96×60 96×96×60 128×128 
FoV          
(mm) 
230 230 230 240 240 220 
Slices 172 60 60 - - - 
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Slice 
thickness 
(mm) 
1 2.4 2.4 - - - 
TE,TR       
(ms) 
7.8, 2.9 87, 
16000 
126, 17000 6.85, 1.2 2.18,25.82 TE: 9 & 7 
TR: 20 
Off-
resonance 
pulses  
(Hz/°) 
- - - - 100[38]0/332, 
1000/333, 
12062/628, 
47185/628, 
56363/332, 
2751/628, 
1000/628, 
1000/628, 
2768/628, 
2791/628, 
2887/628 
- 
Flip angles 
(°) 
20 90 90 15,7,3 5 90 
Table 4. Scan parameters. All sequences were acquired at 3T. For each of the 1001 
sequences, the main acquisition parameters are provided. T1-w: T1-weighted; MT-w: 1002 
MT-weighted; FSPGR: fast spoiled gradient echo; SE: spin‐echo; EPI: echo‐planar 1003 
imaging; SPGR: spoiled gradient recalled‐echo; FoV: field of view; TE: echo time; TR: 1004 
repetition time. 1005 
 1006 
 1007 
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 1008 
% Change Executive Working memory 
capacity 
Fluency 
Total box (dual) 0.864 0.022 0.419 
Stroop 
interference score 
0.811 -0.270 -0.267 
Trail test switching 0.731 -0.470 0.162 
Correct digits 
under single task 
condition 
0.201 0.904 0.129 
Correct digits 
under dual task 
condition 
-0.193 0.855 -0.018 
Category fluency -0.070 -0.138 0.817 
Verbal fluency -0.026 -0.232 -0.799 
Table 5. Rotated Component Loadings on Change in the Cognitive Benchmark Tests. 1009 
Significant loadings (>0.5) are highlighted in bold. 1010 
 1011 
 1012 
FA t p FDR corrected p  
CCI 1.220 0.909 0.91 
CCII 2.650 0.91 0.91 
 49 
CCIII 0.320 0.48 0.91 
Left SMA-Putamen 5.160 0.77 0.91 
Right SMA-Putamen -9.54 0.02 0.11 
RD 
   
CCI -0.48 0.35 0.45 
CCII -1.29 0.22 0.45 
CCIII -1.04 0.30 0.45 
Left SMA-Putamen -3.68 0.08 0.39 
Right SMA-Putamen 4.010 0.80 0.80 
Fr 
   
CCI 0.033 0.81 0.82 
CCII -0.001 0.49 0.82 
CCIII 0.03 0.82 0.82 
Left SMA-Putamen 0.01 0.58 0.82 
Right SMA-Putamen -0.052 0.1996 0.817 
MPF 
   
CCI -12.06 0.08 0.10 
CCII -20.72 0.03 0.05 
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CCIII -25.87 0.02 0.05 
Left SMA-Putamen -4.34 0.38 0.38 
Right SMA-Putamen -25.48 0.02 0.05 
Table 6. Summary statistics for the permutation analysis of training effects on FA, RD, 1013 
Fr and MPF, across the investigated tracts. 1014 
 1015 
 1016 
 1017 
 1018 
Figure 1. (1) pathway regions of interest. Sagittal views of the reconstructed WM 1019 
pathways displayed on a T1-weighted image for one control participant. (A) CCI, CCII, 1020 
and CCIII (Hofer and Frahm, 2006): CCI is the most anterior portion of the CC and 1021 
maintains prefrontal connections between both hemispheres; CCII is the portion that 1022 
maintains connections between premotor and supplementary motor areas of both 1023 
hemispheres. CCIII maintains connections between primary motor cortices of both 1024 
hemispheres. (B) SMA-putamen pathway: this pathway has efferent and afferent 1025 
projections to the primary motor cortex and is involved in movement execution.  1026 
 1027 
Figure 2. Sagittal views of the tractography protocols. (A) CCI, CCII and CCIII (B) 1028 
SMA - putamen pathway. Booleian logic OR waypoint regions of interest gates are 1029 
illustrated in blue; AND gates in green. M = Midline. 1030 
 1031 
Figure 3. Correlation matrices for the MRI metrics investigated across the different 1032 
WM pathways. Colour intensity and the size of the circles are proportional to the 1033 
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strength of the correlation. * p < 0.05, ** p < 0.01, *** p < 0.001. The absolute 1034 
correlation coefficient is plotted. MPF values were highly correlated across tracts, 1035 
whereas this was not true for the other metrics 1036 
 1037 
Figure 4. Mean ratings for drumming performance according to the Trinity College 1038 
London marking criteria for percussion (2016) as a function of group and time point. 1039 
Patients improved their drumming performance significantly for the easy test pattern 1040 
and controls for the medium difficult test pattern. * p < 0.05, ** p < 0.01, bootstrapping 1041 
based on 1000 samples. 1042 
 1043 
Figure 5. MPF changes scores: PCA scree plot (A); plot summarising how each 1044 
variable is accounted for in every principal component - colour intensity and the size 1045 
of the circles are proportional to the loading: PC1 loads on CCI, CCII, CCIII and right 1046 
SMA-Putamen, while PC2 loads mostly on the left SMA-Putamen; the absolute 1047 
correlation coefficient is plotted (B); correlation circle, interpreted as follows: 1) 1048 
positively correlated variables are grouped together, 2) negatively correlated variables 1049 
are positioned on opposite sides of the plot origin (opposite quadrants), 3) the distance 1050 
between variables and the origin measures the quality of the variable on the factor 1051 
map. Variables that are away from the origin are well represented on the factor map 1052 
(C); Bar graph of the percentage change in MPF across the inspected tracts; Error 1053 
bars represent the standard error; training was associated with a significantly greater 1054 
change in MPF in CCII, CCIII, and right SMA-Putamen; * (p<0.05), results corrected 1055 
for multiple comparisons with FDR (D). 1056 
 1057 
 52 
Figure 6. TBSS analysis of baseline MPF values (A). Light blue areas show a 1058 
significant reduction of MPF in patients with HD compared to controls (p < 0.05, FWE 1059 
corrected). The midbody of the CC was mostly found to be affected, which carries 1060 
connections to the premotor, supplementary motor and motor areas of the brain. 1061 
Tracts showing significantly greater MPF changes in HD patients post-training 1062 
as compared to controls (B). Areas showing significant MPF reductions at baseline 1063 
overlap with tracts showing significant changes post-training (i.e. CCII and CCIII). 1064 
 1065 
 1066 
 1067 
 1068 
